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ABSTRACT

Numerous counterfeit vintage Baijiu are widely distributed in the market driven by economic interest which
disturb the market economic rules and damage the reputation of particular Baijiu brand. Found on the situation,
the Baijiu system variation during aging period, aging mechanisms and discrimination strategies for vintage
Baijiu are systematically illuminated. The aging mechanisms of Baijiu cover volatilization, oxidation, association,
esterification, hydrolysis, formation of colloid molecules and catalysis by metal elements or other raw materials
dissolved from storage vessels. The discrimination of aged Baijiu has been performed by electrochemical method,
colorimetric sensor array or component characterization coupled with multivariate analysis. Nevertheless, the
characterization of non-volatile compounds in aged Baijiu is deficient. Further research on the aging principles,
more easy-operation and low-cost discrimination strategies for aged Baijiu are imperative. The above informa-
tion is favorable to better understand the aging process and mechanisms of Baijiu, and promote the development
of artificial aging techniques.

1. Introduction

Chinese Baijiu, with a time-honored history more than two thousand
years, is one of the six world-renowned distilled liquors (Jia, Fan, Du,
Shi, & Ren, 2022b). Baijiu has become an essential alcoholic beverage in
daily life and occupies significant economic status in domestic food
market (Fig. 1) (Wang et al., 2022a). The production process of Baijiu
generally covers the selection of raw materials, preparation of starter
culture (Daqu, Xiaoqu or Fuqu), saccharification and fermentation, solid-
state distillation, aging and blending (Fig. 2a). The freshly distilled
Baijiu possesses undesirable flavor characteristics which can be
described as peppery, harsh, pungent, green, and unpleasant (He et al.,
2021). It is indispensable to store freshly distilled Baijiu in a container
for several years to eliminate undesirable odors and make its flavor more
harmonious and balanced. The above operation is named aging.

The aging process of Baijiu involves several physicochemical re-
actions which include volatilization of low boiling point components,
association of water and ethanol molecules, redox reaction, esterifica-
tion and hydrolysis to enhance the quality and acceptability of Baijiu
(Dong et al., 2019). Nevertheless, the present proposed aging mecha-
nisms are unconvincing due to the lack of adequate supporting

information. The organoleptic quality of Baijiu has a direct impact on
consumers’ selection and acceptability (Sun, Wang, & Sun, 2021). For
the last several decades, various brands and grades of Baijiu are widely
distributed in the market (Li et al., 2020a). In general, the common
counterfeit method is the substitution of Baijiu with shorter aging years
for another aged properly (Li et al., 2021a). Considering the situation,
the discrimination of Baijiu with various aging years is crucial for
quality control and brand prestige protection of Baijiu.

The traditional aging technology of Baijiu, storing fresh liquor in
pottery jars or stainless-steel vessels, has the deficiency of time-
consuming, labor-intensive, high storage losses and is not beneficial to
the modernization and technological advancement of Baijiu industry
(Zhang et al., 2021b). Hence, more comprehensive understanding of
natural aging mechanisms of Baijiu and variation of significant char-
acteristic compounds during aging period could aid to the development
of innovative artificial aging technologies which are conducive to
enhancing process efficiency and reducing cost. From the above per-
spectives, the available knowledge on the composition variation during
Baijiu aging including non-volatile compounds, the aging mechanisms
associated with different aging methods, and novel discrimination
strategies for Baijiu with various vintage were systematically clarified in
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this article from different aspects.
2. Baijiu system variation during aging period

The variation of Baijiu occurred during aging process is complex and
has a prominent influence on the flavor of Baijiu. Aging procedure could
eliminate unpleasant flavor compounds such as sulfide, acetaldehyde,
acrolein, alkenes, methanol, free ammonia and accompanied with the
formation of aromatic compounds through hydrolysis, oxidation, asso-
ciation and esterification (Tan, Zhong, Zhao, Du, & Xu, 2019; Tian et al.,
2022). The flavor of Baijiu is the result of synergy reaction of all com-
pounds (Liu & Sun, 2018). Except for volatile compounds which were
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discussed mostly, non-volatile components also hold an important place
in the flavor of Baijiu (Hong, Zhao, & Sun, 2021; Wang, Chen, Wu, &
Zhao, 2022b). Currently, the research on the variation of flavor sub-
stances in the aging process of Baijiu mainly focused on Light-, Strong-
and Feng-flavor Baijiu.

The differences of aroma compounds between fresh and aged Xiaoqu
Baijiu (Light-flavor) were performed through sensomics approach which
include gas chromatography-mass spectrometry (GC-MS), aroma
extraction dilution analysis, aroma recombination and omission exper-
iments. It could be concluded that further quantity and intensity of
aroma-active compounds existed in vintage than fresh Xiaoqu Baijiu.
The odor activity value of ethyl isovalerate, ethyl butanoate and ethyl
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Fig. 1. The current research status of Baijiu and factors affecting the flavor and quality of Baijiu. (a) Correlation network among the current research status of Baijiu:
The research mainly focused on multiple microbial community and fermentation process (red circle nodes), flavor profile (green circle nodes) and quality control
(blue circle nodes) of Baijiu. (b) Factors affecting the flavor and quality of Baijiu. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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acetate in fresh distilled Baijiu were much lower than aged. Aroma
omission experiments suggested that 3-hydroxy-4,5-dimethyl-2(5H)-
furanone (sotolon), vanillin and 3-(methylthio)-propionaldehyde
(methional) played critical parts in the overall aroma characteristics of
aged Xiaoqu Baijiu, while sotolon and methional were only distin-
guished in aged Xiaoqu Baijiu (Sun et al., 2022). 1,1-diethoxyethane, 3-
methylbutanal, dimethyl trisulfide, ethyl acetate, and ethyl isovalerate
were also recognized as significant aroma substances of aged Xiaoqu
Baijiu.

The flavor-active components of six Niulanshan Baijiu (Light-flavor)
samples with different storage years (3, 4, 5, 6, 8 and 13 years) were
systematically analyzed by using a sensomics strategy. A total of 59
odorants were identified, ethyl 2-hydroxy-4-methylvalerate, 1,2-dime-
thoxybenzene, 1,1-diethoxy-3-methylbutane, ethyl 3-methylthiopropio-
nate and ethyl acrylate were detected for the first time in Light-flavor
Baijiu. The recombination and omission experiments concluded that
ethyl acetate, ethyl acrylate, ethyl 2-methylbutyrate, y-nonalactone,
ethyl isovalerate, ethyl butyrate, isoamyl acetate, ethyl caprylate, ethyl
valerate, 3-methylbutanal, p-damascenone, and geosmin have great
contribution to the flavor of Niulanshan Baijiu (Wang et al., 2022d). The
majority of key aroma odorants reached the highest concentration at the
longest aging time explored in this study (13 years), while the concen-
tration was relatively stable in the fourth and fifth aging years. The
volatile fractions of Chinese Highland Qingke Baijiu (Light-flavor) with
different aging months were observed and analyzed (Wang et al.,
2022c). Twelve marker compounds, including seven acetals, two esters,
two ketones and 1,3,5-trioxane, were accurately identified through
numerous statistics analysis methods. Among them, 1,1-diethoxy-pro-
pane, 1,1-diethoxy-butane and 1,1-diethoxy-3-methyl-butane are
regarded as significant contributors to the flavor of Baijiu.

The concentration of flavor compounds in Lughoulaojiao Baijiu
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(Strong-flavor) during three years’ storage in pottery jars were inquired
by means of various chromatography techniques. Eighty-six flavor
compounds were determined while esters had the topmost concentra-
tion followed by acids, alcohols, aldehydes and ketones. Surprisingly,
the total concentration of flavor components slowly reduced during
storage. The four backbone components of Strong-flavor Baijiu, ethyl
acetate, ethyl butanoate, ethyl hexanoate and ethyl lactate gradually
decreased, while acetic, hexanoic, and lactic acid significantly increased
(Huang et al., 2022). In another study, seven compounds were consid-
ered as potential aging markers of Gujinggong Baijiu (Strong-flavor)
through headspace gas chromatography-ion mobility spectrometry
combined with chemometrics (Chen et al., 2021). The concentration of
ethyl hexanoate, propyl hexanoate, ethyl pentanoate and ethyl hepta-
noate were positively correlated with aging time, while ethyl acetate, 2-
methyl-1-propanol and methylpropane were inverse.

The volatile profile of freshly distilled Luzhoulaojiao Baijiu (Strong-
flavor) in two years aging was collected by headspace solid-phase micro-
extraction coupled with GC-MS. Partial least-squares discriminant
analysis, Spearman’s correlation analysis and Random-forest decision-
tree were selected to identify potential aging-markers. Fourteen com-
pounds were regarded as aging markers and half of them were long
chain fatty acid ethyl esters (LCFAEEs). LCFAEEs were undetectable at
the beginning of aging because of their lower concentrations (Song et al.,
2020). With the extension of aging time, LCFAEEs possessed longer
carbon chains and higher concentrations. Ethyl oleate was proved to be
the prominent single aging-marker. Baijiu is commonly documented to
have colloidal properties (Zhang et al., 2021c). LCFAEEs with long
alkane chains are prone to form stable colloidal clusters that could avoid
the hydrolysis of corresponding esters.

The changes in aroma profile and key odorants of Laowuzeng Baijiu
(Laobaigan-flavor) taken from the same batch and container during one-
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Fig. 2. Traditional production processing and aging mechanism of Baijiu. (a) Raw material is mixed uniformly with whole or powdered grains. The mixed grains are
then fermented and distilled. The fresh Baijiu is then stored and aged in stainless steel vessels, Mare Nectaris or pottery jars. (b) Molecular mechanism of the role of
Mare Nectaris in the aging process of Baijiu. (c) Metal ion-regulated flavor formation mechanism in the aging process of Baijiu. (d) The oxidation-based flavor
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year aging period were explored. The satisfactory flavor characteristics,
fruity, floral, acidic, sweet/honey and cheesy notes were enhanced
during aging, while pickled vegetable, grain and alcoholic were
impaired. The triangle test proved that “fruity” compounds, ethyl
butanoate, ethyl hexanoate, ethyl octanoate, 3-methyl-1-butyl acetate,
ethyl pentanoate, ethyl 3-methylbutanoate, ethyl acetate and ethyl
lactate, were crucial to enhance the “aging” aroma (Zhu et al., 2020).
1,1-Diethoxymethane and methanethiol were identified as aging
markers of Jingzhi Baijiu (Sesame-flavor). 1,1-Diethoxymethane is
formed by acetalization of ethanol and formaldehyde and is only
detected in aged Baijiu (Zhu, Fan, Xu, & Zhou, 2016). The concentration
of 1,1-diethoxymethane is positively correlated with aging time, while
methanethiol is on the contrary.

Natural and gamma irradiation aging process of Feng-flavor Baijiu
were investigated by ultrahigh performance liquid chromatography
Orbitrap mass spectrometry. Combined with foodomics, twenty-nine
compounds were found to be related with aging process, concretely
contain fifteen organic acids, eight esters and 6 other compounds (Jia
et al., 2020c). Both the esters and organic acids showed an increasing
trend in the aging process of Feng-flavor Baijiu. Esters are the most
crucial aromatic compounds while acids are the fundamental flavor
components of Baijiu (Xu et al., 2022). Besides, sixty compounds
including organic acids and other flavor substances increased dramati-
cally, fifteen unpleasant and harmful substances reduced after gamma
irradiation.

Forty-eight Feng-flavor Baijiu samples of various aging years taken
out from storage containers without blending were analyzed. The in-
formation of nonvolatile substances could be collected through ultra-
high performance liquid chromatography quadrupole-orbitrap high
resolution mass spectrometry. Notably, non-volatiles were proved to be
the precursors of volatiles. In total of 45 characteristic compounds were
discovered through the application of statistical analysis, among them,
5-fluoro-2,3,4-three chlorobenzoic acid decreased, while the remaining
compounds showed remarkable up-regulation as the aging years
increased, specifically including ten esters, six organic acids, eight
amino acids, eleven bioactive compounds and nine other components.
The six non-volatile acids, guanosine butyric acid, creatine, cinnamic
acid, malic acid, nicotic acid, and dihydroxy stearic acid, could promote
Baijiu to be mellow and soft by utilizing recombination test (Jia et al.,
2021a). Amino acids have a vital position for the flavor formation of
Baijiu. Pyrazine with characteristic flavor is primarily produced by the
degradation of nitrogen sources which contains amino acids through
strecker reaction (Jia, Guo, Zhang, & Shi, 2023b).

The changes of specific components and aging markers of different
flavor types of Baijiu during aging are different, but the overall trend is
to endow Baijiu more harmonious flavor. The difference of different
flavor Baijiu may be due to the difference of liquor samples themselves.
The difference of the same flavor Baijiu may be due to the different
storage containers or storage conditions that have different effects on
the physical and chemical reactions in the liquor body, leading to the
inconsistency of the dominant chemical reactions. With regard to the
question of which substances can be used as aging markers of certain
flavor Baijiu, it is necessary to conduct a lot of research on this flavor
Baijiu to find the rules (Jia, Di, & Shi, 2023a).

3. Molecular mechanisms of Baijiu aging

The aging of Baijiu is a complicated and dynamic process, and is the
result of various physical and chemical reactions. The aging mechanisms
generally cover volatilization of irritant components with low boiling
point; hydrogen bond association between alcohol and water; oxidation,
esterification and hydrolysis among alcohols, aldehydes, acids and es-
ters (Ma, Yi, & Zhu, 2019; Zheng et al., 2021a; Deng et al., 2020). In this
part, more scientific molecular mechanisms of different traditional aging
methods and artificial aging technologies will be clarified clearly based
on the present research to promote comprehensive understanding of
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Baijiu aging process and development of novel artificial aging technol-
ogy of Baijiu.

3.1. Traditional aging methods

Mare Nectaris, a unique aging container utilized in Feng-flavor Baijiu
manufacture, is made of various raw materials containing wicker, hemp
paper, pork blood, lime, egg white, rapeseed oil and beeswax. The
container is a kind of protein colloidal salt which could efficiently bring
about respiration to ensure beneficial component exchange between
Baijiu system and external environment (Pang et al., 2018). The crucial
role of Mare Nectaris in the aging process of Baijiu has been fully
investigated (Fig. 2b). Metal ions and natural esterification catalysts
contained in the raw materials of Mare Nectaris could migrate to Baijiu
thus accelerate the esterification process. The characteristic amino acids
and functional trace substances existed in aged Feng-flavor Baijiu were
the consequence of dissolution and transformation of compounds in
Mare Nectaris (Jia et al., 2021a). Moreover, compounds with —OH,
—CHO, -C=0, -COOH, or -NH; groups could form colloid with centric
ions in the modality of ligands which boost binding extent between
ethanol and water molecules and facilitate Baijiu to a stable status.

Pottery vats and stainless vessels are the commonly adopted aging
containers. Pottery vats are made of clay thus contain iron and copper
ions, while Baijiu is stored in such containers, metal ions could permeate
into Baijiu system during the aging period (Liu & Sun, 2018). Besides,
almost all the distillation, cooler and delivery devices contain metal ions
which could be corroded by organic acids exist in Baijiu during pro-
duction (Huang et al., 2020). Metal ion-regulated flavor formation
mechanism of aged Baijiu was clarified via multi-method analysis which
consist of electrochemistry method and inductively coupled plasma
mass spectrometry. Cyclic and square wave voltammetry confirmed that
Baijiu system include both combination and free state of metal ions.
During the aging period, the concentration of total metal ions and
organic acids showed an upward trend and significant organometallic
interactions performed between them (Zheng et al., 2021a). The in-
crease of organic acids facilitated the transformation of metal ions from
complex to free state (Fig. 2¢). The free metal ions existed in Baijiu could
catalyze the hydrolysis of esters, that means the esterification is a
reversible reaction.

Esterification is the main reaction occurred during Baijiu aging
process. A Pearson correlation analysis among three pair’s compounds
in Laobaigan-flavor Baijiu, acetic acid and ethyl acetate, hexanoic acid
and ethyl hexanoate, 2-phenyl-1-ethanol and 2-phenylethyl acetate, was
performed based on their concentrations during the aging process. The
analyses clearly revealed that the concentrations of acetic acid, hexanoic
acid and 2-phenyl-1-ethanol were highly positively correlated with the
corresponding esters. This indicated that the esterification reaction is
one of the complex aging mechanisms (Zhu et al., 2020). Flavor com-
pounds of various aged Baijiu were analyzed by gas chromatography,
based on the result, the component transformation among alcohols,
acids, esters and relationships with vintage Baijiu were clearly eluci-
dated by utilizing constituent analysis. It was worth noting that oxida-
tion could increase the esters concentrations during aging by converting
alcohols into corresponding acids and esters (Deng et al., 2020). The
esterification reaction is reversible: if the esters concentration in fresh
Baijiu is heavy, esters will volatilize and hydrolyze thus its concentration
will be reduced; if the esters concentration is low, oxidation will facili-
tate the formation of esters so that the esterification reaction can reach
balance.

The oxidation-based process holds a crucial position on the flavor
formation of aged Baijiu. Natural aging includes a diversity of com-
pound transformation, but the oxygen-based process is performed
similar to electrochemical oxidation (Xiong et al., 2020). Three-
electrode electrochemical system combined with ultrahigh perfor-
mance liquid chromatography quadrupole-orbitrap high resolution mass
spectrometry was used to investigate the oxidation-based flavor
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formation mechanism. Electrochemical oxidation accelerated the
transformation from alcohols to acids, thus increased the concentration
of related esters that contribute to the flavor of vintage Baijiu (Fig. 2d).
The oxidation of alcohols was the rate control step and electrochemical
oxidation facilitated the oxidation of alcohols thus improved the con-
centrations of corresponding esters (Zheng et al., 2021b). Besides, gold
electrode acted as a catalyst during the electrochemical oxidation. The
unpaired d-orbital of gold electron ensured its catalytic activity.

The esterification and hydrolysis reaction mechanisms were also
expounded at atomic- and molecular-level by density functional theory
and molecular dynamics simulation. The activation energy values of
alkyl-oxygen protonation for esters were lower than those of hydroxyl-
oxygen protonation for corresponding acids which was consistent with
the phenomenon that the concentrations of esters reduced but acids
increased. The ethanol-water-acids system with stronger electrostatic
energies and more hydrogen bonds was more prone to generate asso-
ciative structures with flavor compounds during the aging period
compared with the ethanol-water-esters system. The decrease of
organoleptic stimulation of Baijiu is related to the hydrogen bond of
components in the system (Huang et al., 2022). This indicated that acids
are inclined to generate and strengthen associative structures during
storage.

3.2. Artificial aging technologies

The strategy of soaking pottery chips or pottery powder in Baijiu was
developed as an alternative aging technique. Trace components of Baijiu
absorbed onto the surface of pottery powder could be the mechanism of
aging but not the only. The particle size of pottery chips is an important
factor affecting the sorption process, the adsorption capacity sharply
decreases with the increase of particle size. The pseudo-second-order
kinetic model could well describe the sorption kinetics of pottery pow-
der for Baijiu micro-compounds and the external diffusion is the rate-
limiting step. The flavor compounds of Baijiu including alcohols, es-
ters, acids, and furan compounds existed in pottery powder in equilib-
rium state were characterized by GC-MS (Li, Fan, & Xu, 2021b). By and
large, pottery powder not only affect the final sensory properties of
Baijiu, but it can also as a vector to transferring flavor compounds
adsorbed previously when reused.

Given the shortcoming of low productivity of conventional Baijiu
aging process, there has been a trend towards physical technologies
which could markedly shorten aging time and raise efficiency. Gamma
irradiation had been utilized as an artificial aging technology. Irradia-
tion mainly act on water in Baijiu to generate massive free radicals or
molecular with high activity thus accelerate oxidation-reduction and
esterification reactions occurred during aging. Irradiation treatment
could reach the same state as natural aging and the aging time could be
significantly shortened (Jia et al., 2020c). Besides, only the absorbed
dose of gamma irradiation could influence the aging of Baijiu.

Magnetic field is another artificial aging strategy. Previous re-
searches have resulted that non-uniform magnetic field condition was
preferable to the aging of Baijiu than stable uniform magnetic field
treatment. The influence of inhomogeneous alternating magnetic field
on the aging of Feng-flavor Baijiu was lucubrated via untargeted foo-
domics and mass spectrometry analysis. The aging degree of magnetized
samples increased with the elevation of magnetic field intensity and the
maximum consequence was equal to 12.81 years of natural aging (Jia,
Fan, Du, & Shi, 2021b). The adjustment of magnetic field intensity on
Baijiu primarily exhibited by regulating the steric structure of mole-
cules, adjusting the rate of Larmor precession, shortening the time of
free radical transition from single to three lines state, lessening the
solvent cage reaction rate of triplet radical pairs and strengthening the
association of hydrogen bonds.

Ultra-high-pressure homogenization had been used as an artificial
aging technology and its molecular mechanism was thoroughly
expounded by utilizing foodomics combined with mass spectrum
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information optimization program based on colloid theory. Under the
environment of high pressure, temperature and flow rate, the molecular
arrangement occurred in the Feng-flavor Baijiu system because of me-
chanical shear and liquid layer friction. Concurrently, macromolecules
were transformed into nanoscale colloidal particles thus boosted the
formation of stable associative compounds in soliquid state and
strengthened the mutual reaction among molecules. Besides, low-
boiling compounds volatized simultaneously (Jia, Fan, Du, & Shi,
2022a). Eventually, the sensory characteristics and quality of Baijiu
were enhanced in a shorter amount of time. The polynomial regression
model verified that fresh distilled Baijiu could reach a natural aging state
of 6.43 years under the condition of 400 bar.

4. Discrimination of Baijiu vintage

For the last few years, various brands, grades and vintage Baijiu were
widely distributed in the market. In general, the common counterfeit
method is the substitution of a shorter aging years Baijiu for another
aging properly or adulteration with water or other inexpensive additives
(Lin, Kang, Jin, Man, & Chen, 2020). Considering the above situation,
the discrimination of Baijiu with different aging years is a significant
portion of the protection of product quality and market supervision.
Therefore, more facile, economical and quick methods for discrimi-
nating Baijiu are urgently needed.

The authentication and discrimination of Baijiu aging status has been
performed by the combination of component characterization and
multivariate analysis, then build a discrimination model. A gas-
chromatography-flash electronic nose technique combined with che-
mometric analysis was developed for the identification of Chinese
Kaoliang Baijiu of different aging times. The established predication
model had an accuracy of 90 %. However, this model had lower accu-
racy for different brands of Chinese Kaoliang Baijiu, this is due to the
different raw materials and manufacturing processes (Peng et al., 2017).
The vintage authenticity of different flavor Baijiu, referring to the actual
storage years from bottled, packaged to consumed in the market, was
analyzed by gas chromatography (GC) and hydrogen proton nuclear
magnetic resonance (*H NMR) combined with multivariate statistical
analysis. Partial least squares regression models were optimized and
established to identify actual storage vintage of Baijiu based on various
data processing methods and three variable selection methods which
include Jack-knife P values, Jack-knife absolute coefficients and vari-
able importance in projection (VIP) values. The components both
detected in GC and 'H NMR technologies were considered as potential
aging markers, including acetaldehyde, butyrate, valeric acid, n-
butanol, 2-butanol, hexanol, ethyl butyrate, ethyl valerate, ethyl hep-
tanoate and ethyl caproate. Nevertheless, the concentration of selected
aging markers is not linearly related to the aging years of Baijiu (Li et al.,
2021c). The prediction model possessed excellent accuracy and can be
regarded as an effective tool for vintage identification of Baijiu.

Headspace-gas chromatography-ion mobility spectrometry (HS-GC-
IMS) combined with chemometrics were put forward as a strategy to
identify the age of Baijiu. Thirty-nine Strong-flavor Baijiu samples with
various vintage stored in pottery jars without blending were analyzed
via HS-GC-IMS. Based on the acquired database, two discriminant
models were established and verified for Baijiu aging time identification
according to two hundred and twelve signal peaks (model A) and ninety-
three identified compounds (model B) respectively, through partial least
squares regression analysis. Herein, model B was more accurate to
distinguish age-unknown Baijiu samples, exhibiting the goodness of fit
value (R%) of 0.9986 and root mean square error of prediction (RMSEP)
of 0.244 (Chen et al., 2021). Besides, a prediction model on account of
forty-five characteristic molecules of aged Feng-flavor Baijiu which were
analyzed through ultrahigh performance liquid chromatography mass
spectrometry combined with various statistical analysis and artificial
neural networks was established to discriminate Baijiu vintage and the
prediction accuracy was up to 100 % (Jia et al., 2021a). On the strength
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of untargeted foodomics and mass spectrum information optimization
program, a novel and accurate predication model for Feng-flavor Baijiu
was furnished based on a polynomial regression model with R more than
0.9 and factor analysis with Kaiser-Meyer-Olkin value of 0.784 (Jia
et al., 2022a). There existed a preferable relationship between potential
distinct characteristic compounds and aging period.

Electrochemical methods have been a powerful tool to discriminate
aged Baijiu with the advantage of no other sample preparation tech-
nique (Xiong et al., 2020). Moreover, electrochemical technologies
could be more compatible to the analysis of Baijiu that without the
addition of any redox-active agents. Baijiu with different aging times
were identified through a triple-electrode system, ultraviolet-visible
spectrometry and principal component analysis (PCA). The correlation
between the reduction current and the total concentration of redox-
active species was established by utilizing a polycrystalline gold-
electrode with radius of 5 pm because of the mass transport rate in-
creases along with the decrease of electrode size (Zhao et al., 2019). The
intermolecular reactions between Baijiu components and ferroce-
nylmethanol (FcCH;OH), an electrochemical label, was used to identify
aged Baijiu through cyclic voltammetry. Because of the hydrogen
bonding existing between FcCH2OH and ethanol (C;HsOH), the anodic
and cathodic peak of FcCH2OH were both positively shifted (Hu et al.,
2020). While only the anodic peak potential of FcCH,OH was positively
shifted due to the formation of ion-pair between the oxidized form of
FcCH,0H and the negatively charged carboxylate (RCOO"). Besides, a
visibly positive correlation was found between peak potential and the
concentration of carboxylic acids present in Baijiu.

Baijiu is not a homogeneous solution but exist in a soliquid state that
composed of abundant microcosmic multi-molecules (Wang et al.,
2020). An effortless and non-disruptive approach for vintage Baijiu
discrimination was demonstrated with electrochemical impedance
spectrums (EIS) according to the distinctive colloidal impedance phe-
nomena of Baijiu. EIS spectra then were simulated with the relevant
equivalent circuit to receive parameter values which represent the
physicochemical properties of aged Baijiu (Fig. 3). The resultant multi-
elements data were dimensionally reduced by means of PCA. The PCA
score plots showed that aged Baijiu can be separated commendably with
a defined resolution. Besides, faradic impedance spectroscopy taking
with graphite from the University of Idaho Thermolyzed Asphalt Reac-
tion (GUITAR) electrode provides higher resolution than glassy carbon
electrode EIS measurements (Jiang, Xie, Wan, Chen, & Zheng, 2019).
The discriminating model mentioned above was built based on the dif-
ferences in physiochemical properties of aged Baijiu other than its subtle
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flavor compounds variation, which ensured the reliability of the above
methodology.

On account of the metal ion regulated deposition on gold nanorods
(Au NP), a Baijiu colorimetric sensor array was proposed. Metal ions
(Mg?*, Pb%*, Fe?", and Fe3") could adjust the microenvironment of
Baijiu colloid to regulate the aggregation degree of Au NPs in the sensor
array (Li et al., 2019). Besides, a colorimetric sensor array based on
silver deposition on gold nanorods (AuNRs) was developed for the
discrimination of different flavor-types Baijiu. Silver ions were reduced
to Ag nanoshells on the surface of AuNRs by different reductants. AuNRs
exhibit peculiar optical advantage and perform longitudinal localized
surface plasmon resonance within the visible and near-infrared regions
which endowing them extremely sensitive to tiny changes in the aspect
ratio, so four different morphologies AuNRs were adopted. The silver
deposition process can be inhibited by various compounds with hy-
droxyl or amino groups existed in Baijiu, thus providing different color
fingerprints (Fig. 4a). The colorimetric sensor array showed the bene-
ficial of accessible, fast-response and excellent discrimination. More-
over, it could be extended by adopting various size of AuNRs and
different types of reductants (Jia et al., 2020a). These methods could be
alternative tools for the identification of vintage Baijiu.

A novel four channel colorimetric sensor array based on the classic
redox reaction between silver nitrate and o-phenylenediamine (OPD) or
its three derivatives (OPDs) was constructed to determine the variety
and concentrations of carbonyl flavor compounds existed in Baijiu. The
detection mechanism is based on the fact that silver ions (Ag™) and other
oxidants could oxidize OPD or OPDs to different colored products (Wu
et al., 2022). Different storage years of Baijiu possess different levels of
carbonyl flavor compounds, thus can be successfully identified (Fig. 4b).
The method was proved to be simple, rapid, reliable, and has good
application potential (Zhang et al., 2021a). Six types of Baijiu with
different cellar time of Luzhoulaojiao brand were successfully identified.
Based on the previous researches, colorimetric sensor is another tech-
nique for the discrimination of Baijiu with simple, rapid and sensitive
characteristics.

5. Challenges and perspectives

Owing to the diversity of raw materials, microorganisms, fermenta-
tion and aging processes during Baijiu production (Wei, Zou, Shen, &
Yang, 2020), multitudinous flavor types of Baijiu had been defined and
produced but the current research on aging process of Baijiu mainly
focused on Strong-, Light- and Feng-flavor Baijiu (Table 1). Besides,
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Fig. 3. The method to evaluate aging degree of Baijiu by measuring the electrochemical impedance spectrum (EIS) of verities’ aged Baijiu according to the distinctive
colloidal impedance phenomena of Baijiu. EIS spectra were simulated with the corresponding equivalent circuit (Jiang et al., 2019). GUITAR: graphite from the
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Fig. 4. Two different colorimetric sensor arrays for the discrimination of vintage Baijiu. (a) Illustration of colorimetric sensor array for the discrimination of Baijiu
based on silver deposition of gold nanorods (AuNRs). i, ii, iii, iiii represent different sizes of AuNRs (Jia et al., 2020a). (b) Illustration of colorimetric sensor array for

the discrimination of Baijiu based on silver nitrate and o-phenylenediamine
et al., 2022).

certain non-volatile compounds are proved to be the precursors of vol-
atile compounds or interact with other compounds thus affect the flavor
of Baijiu (Hong, Tian, & Zhao, 2020). The present research mainly
focused on volatile compounds’ variation during aging period, the
characterization of non-volatiles is lacked (Huang et al., 2019). Thus, a
considerable amount of research on the Baijiu system variation during
aging period need to be further investigated, especially various types of
Baijiu to search for common rules and aging markers which could
contribute to the quality control and improvement of Baijiu (Jia, Wang,
& Shi, 2023c). In addition, the future research of Baijiu should be
adhered to the dual guidance of flavor and health (Li, Yuan, Yong, Zhao,
& Liu, 2020b).

The aging process is extremely complicated that involves various
physical and chemical reactions (del Fresno et al., 2018; Tchabo et al.,
2017). The mechanism of aging process cannot be fully explained by one
or several theories, and the interaction between different mechanisms is

derivatives. Ry, Ry, R3, Ry refer to different o-phenylenediamine derivatives (Wu

more worthy of study. Traditional aging methods are time-consuming
and labor-intensive which heavily affect the productivity and eco-
nomic efficiency of Baijiu industry, utilizing artificial aging techniques
has become an inevitable tendency (Solar, Castro, & Guerrero, 2021).
The artificial aging technologies applied in wine were extensively
researched including micro-oxygenation, oak products and external
energy aging methods (Ma et al., 2022). The development of wine aging
techniques could provide a specific direction and capital idea for the
Baijiu aging procedure.

Micro-oxygenation refers to the simulation of microenvironment of
oak barrel aging (Curko et al., 2021; Granja-Soares et al., 2020). Oak
products are designed to simulate the oak extraction function of oak
barrel aging process (Barbosa et al., 2022; Martinez-Gil, del Alamo-
Sanza, Nevares, Sanchez-Gomez, & Gallego, 2020). External energy
aging methods including ultrahigh pressure, pulsed electric fields, ul-
trasound fields, microwave fields and irradiation treatments. All of them
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Table 1
Characterization methods and aging markers of different flavor types Baijiu.
Flavor Aging Baijiu Characterization methods Aging markers Reference
type samples
Light- aged Highland comprehensive two-dimensional gas chromatography-time-of- 1,1-diethoxy propane, 1-(1-ethoxyethoxy)-propane, 1,1- Wang et al.,
flavor Qingke Baijiu of flight mass diethoxy-butane, 1-(1-ethoxyethoxy)-butane, 1,1-dieth- 2022c
0-11 months spectrometry oxy-3-methyl-butane, 1-(1-ethoxyethoxy)-hexane, 1-(1-
ethoxyethoxy)-pentane, ethyl 3-methylbutyl ester,
acetophenone, dihydro-4-hydroxy-2(3H)-furanone, 1,3,5-
trioxane
Light- 0-year-old and 25- gas chromatography-olfactometry, gas chromatography-mass 3-hydroxy-4,5-dimethyl-2(5H)-furanone (sotolon), Sun et al.,
flavor year-old Xiaoqu spectrometry, gas chromatography-flame ionization detector, gas vanillin, 3-(methylthio)-propionaldehyde (methional) 2022
Baijiu chromatography-pulsed flame photometric detector
Light- aged Niulanshan gas chromatography—olfactometry-mass spectrometry, gas ethyl acetate, ethyl acrylate, ethyl 2-methylbutyrate, Wang et al.,
flavor base Baijiu of 3-13  chromatography-mass spectrometry, gas chromatography-flame y-nonalactone, ethyl isovalerate, ethyl butyrate, isoamyl 2022d
years ionization detector acetate, ethyl caprylate, ethyl valerate, 3-methylbutanal,
p-damascenone, geosmin
Strong- aged Baijiu from headspace-gas chromatography-ion mobility spectrometry ethyl hexanoate, propyl hexanoate, ethyl pentanoate, Chen et al.,

flavor 1998 to 2019

Strong- aged Lu-flavor headspace solid-phase micro-extraction coupled with gas
flavor Baijiu of 0-4 years chromatography-mass spectrometry
Sesame- aged raw Baijiu headspace solid-phase micro extraction coupled with gas

flavor from 1985 to 2014  chromatography-mass spectrometry

ethyl heptanoate, ethyl acetate, 2-methyl-1-propanol, and 2021
methylpropane

ethyl oleate, 2-phenylethyl hexanoate, hexanoic acid, Zhang

ethyl linoleate, isobutyric acid, phenethyl ester, ethyl etal., 2021c
hexadec-9-enoate, 2,6-di-tert-butyl-4-methylphenol, 1-
undecanol, ethyl laurate, ethyl pentadecanoate, ethyl
palmitate, ethyl myristate, 2,4-di-tert-butylphenol,
isobutyraldehyde

1,1-diethoxymethane, methanethiol Zhu et al.,
2016

are based on the mechanism that supplied energy could be transformed
into the activation energy of reaction needed in the aging process (Gao
et al., 2021; Christofi, Malliaris, Katsaros, Panagou, & Kallithraka, 2020;
Arcena et al., 2022). Nevertheless, unclear reaction molecular mecha-
nisms and principles put the artificial aging technologies into a theo-
retical research stage and restrict the commercialization of artificial
aging methods. It is imperative to take more efforts to expound the
underlying aging mechanisms thus regulate and optimize the processing
conditions.

The most common strategy for discriminating vintage Baijiu is based
on the difference of composition. The conventional chromatography and
mass spectrometry characterizations are precise but accompanied with
inevitable shortcomings such as complicated operation, time-consuming
and high cost (Jia et al., 2020b). Electrochemical method and colori-
metric sensor array have been powerful tools to discriminate aged Baijiu
with the advantage of simple, rapid, sensitive and no other sample pre-
treatment (Dai et al., 2021; Li et al., 2022). The in-depth research of
unique colloidal impedance behavior of Baijiu could be a future direc-
tion of development due to its powerful effect on the understanding of
aging mechanisms. In order to better supervise Baijiu market, the situ
real-time measurements are urgently needed which could promote the
development of more easy-operation, time-saving and low-cost identi-
fication strategies.

6. Conclusions

The variation of Baijiu system during aging period, aging mecha-
nisms and discrimination strategies for Baijiu with various vintages were
systematically illustrated in the review. The detailed composition
changes and aging markers of different flavor-types of Baijiu are
different during aging process, yet the general tendency is consistent.
The aging mechanisms of Baijiu can be described as the synergy of
physicochemical reactions including volatilization, association, hydro-
lysis, oxidation and esterification catalyzed by metal ions, other raw
materials dissolved from storage vessels or compounds in Baijiu. The
authentication and discrimination of Baijiu vintage has been performed
by component characterization coupled with multivariate analysis,
electrochemical method and colorimetric sensor array. Nevertheless,
more in-depth research of the above three aspects is imperative which
could lay the foundation for the improvement of Baijiu artificial aging

technologies and Baijiu quality.
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